ABSTRACT. We report the stability and reactivity of the oxidation products as well as L-cysteine and Nacetylcysteine adducts of dopamine studied using quantum chemical calculations. The overall reactions studied were subdivided into four reaction channels. The first reaction channel is the oxidation of dopamine to form dopaminoquinone. The second reaction channel leads to melanin formation through subsequent reactions. The third and fourth reaction channels are reactions leading to the formation of dopaminoquinone adducts which are aimed to divert the synthesis of melanin. The results indicate that L-cysteine and N-acetylcysteine undergo chemical reactions mainly at C5 position of dopaminoquinone. The analyses of the thermodynamic energies indicate that L-cysteine and N-acetylcysteine covalently bind to dopaminoquinone by competing with the internal cyclization reaction of dopaminoquinone which leads to the synthesis of melanin. The analysis of the results, based on the reaction free energies, is also supported by the investigation of the natural bond orbitals of the reactants and products.
INTRODUCTION
Melanin is the pigment that determines the color of the skin. It is synthesized by the melanocytes in the basal layer of the epidermis [1] . The pigments of melanin are of two types, eumelanin and pheomelanin. Eumelanin is black or brown and pheomelanin is red or yellow [2, 3] . The amino acid tyrosine and the enzyme tyrosinase play the main role for the synthesis of eumelanin and pheomelanin [4] . Tyrosinase catalyzes the conversion of tyrosine into biochemical intermediates dopa and dopaminoquinone. The latter is the precursor of both eumelanin and pheomelanin in the process of melanogenesis that synthesizes the melanin pigment [2, 4] . Dopamine oxidation and melanin formation might also be associated with Parkinson's disease, where dopamine-containing cells in the nervous system are susceptible to degeneration [5, 6] . The ratio of these two pigments in the skin determines how dark or light the skin color will be [7, 8] . Differences in the ratio of melanin pigments create wide variations in human skin color, ranging from light to dark skin color. Thus, when the eumelanin to pheomelanin ratio is higher the skin of an individual becomes darker. To lighten skin, dopaminoquinone has to be diverted towards the production of pheomelanin by increasing the amount of sulfur inside the cells [2, 3, 7] . Melanogenesis automatically leads to an increased synthesis of sulfhydryl-dopa conjugates. This causes the synthesis of the lighter colored pheomelanin instead of the darker colored eumelanin by preventing the overproduction of melanin in the presence of a high intracellular sulfur concentration [9, 10] .
Studies have been reported about the physiological regulation of the depigmentation of human melanoma cells and melanocytes using cystamine [3] . The inhibition of the synthesis of melanin using Lespedeza cyrtobotrya [11] , Lespedeza floribunda and Balanophora fungosa [12] atoms before and after the formation of new bonds during the chemical reactions. The reactants as well as products have been assessed based on the potential energy surfaces (PES) and the geometry corresponding to the global minimum of the PES was considered for further calculations for each molecule. As there are many possible low energy conformations for some of the molecules, additional conformational analyses by reorienting the side attachments in different orientations were also done to identify the most stable conformers. The geometries obtained from these conformational analyses were used for further refined geometry optimizations and frequency calculations. The optimized structures of all reactants and products were confirmed by frequency calculations to be real minima without any imaginary vibrational frequency. For the transition state structures, the geometries were optimized using the same level of calculations and frequency calculations were also performed to confirm the presence of one and only one imaginary vibrational frequency. The stabilization energy gained by donation from the donor NBO to the acceptor NBO (E(2)) is estimated based on the second order perturbation theory analysis of the Fock Matrix in NBO basis [44, 45] . The changes in the thermodynamic properties were computed by subtracting the sum of the thermodynamic property of the reactants from the sum of the thermodynamic property of the products, as we did in our previous study [46] , i.e. products reactants products reactants and
The atom numbering followed throughout the paper is given in Figure 1 together with the structures of the molecules considered, namely L-cysteine (cyst), N-acetylcysteine (ncyst), dopamine (DA), dopaminoquinone (DAQ), aminochrome (AC), leukoaminochrome (LAC), 5,6-dihydroxyindole (DHI), 5-cysteinyldopamine (5-CDA), 6-cysteinyldopamine (6-CDA), 5-(N-acetylcysteinyl)dopamine (5-NCDA) and 6-(N-acetylcysteinyl)dopamine (6-NCDA). The reaction channels 1 and 2, leading to the formation of melanin, are summarized in Scheme 1, with the details of channel 2 in Scheme 2. The highlight for the possible reactions leading to the diversion of melanin synthesis (reaction channel 3) is also shown in Scheme 1, with the details presented in Scheme 3. The first reaction considered, reaction channel 1, is the oxidation of DA to form DAQ (see Scheme 1). Channel 2 is the internal cyclization of DAQ to form a five-member ring leading to DHI and by consequent polymerization reactions to the synthesis of melanin. Channel 3 is a reaction mechanism aimed to divert the melanin synthesis by forming 5-CDA and 6-CDA (vide infra). Scheme 1. The two possible reaction pathways of dopaminoquinone in the absence of the scavengers (channel 2) and presence of the scavengers (channel 3). Refer to Table 3 for the reaction numbers.
Reaction channels 1 and 2
In this section of the paper, we present the intermediate and final products from the internal cyclization reaction of DAQ in an attempt to identify the convenient steps to divert the synthesis of melanin. The reaction channels 1 and 2 studied in this section of the paper are shown in Scheme 1, whereas the natural charges from the NBO analysis and the Mulliken charges are listed in Table 1 . Selected structural parameters are presented in Table 2 . The change in Gibbs free energy and total electronic energies for the reactions are listed in Tables 3. As shown in Scheme 1, after oxidation of DA to DAQ, the DAQ confronts two possible reactions pathways. The first is undergoing cyclization reaction to form AC [47] followed by subsequent polymerization steps to form neuromelanin. The second is to undergo covalent conjugation of DAQ with sulfhydryl compounds, like L-cysteine (cyst), N-acetylcysteine (ncyst) and glutathione, which lead to the diversion of the melanin synthetic reaction pathway [48] . The NBO and Mulliken charge analysis of DAQ shows that the nitrogen atom of the amine group of DAQ is negatively charged. Hence, in the absence of reductants (for instance sulfhydryl compounds), the ethylamine side chain of DAQ itself acts as an internal nucleophile and attacks C6 of DAQ. The immediate product formed in this process is leukoaminochrome (LAC) which leads to the formation of DHI (see Scheme 2) . The bond stabilization energy from second order perturbation theory analysis of the Fock matrix in NBO for the newly formed C-N bond of DHI during the cyclization reaction is 25.8 kJ/mol. DHI is therefore the most stable product in reaction channel 2 and an intermediate in melanin synthesis (see Scheme 2). Table 1 . Selected natural atomic charges from NBO calculations (without parentheses) and Mulliken charges (in parentheses) of the major molecules in the reaction channels, all calculated using B3LYP/6-311++G(2df,2p). The change in Gibbs free energies (∆G) of the chemical reactions of channel 2 shows that the reaction leading to the formation of AC is the least stable (compare reactions 2, 5 and 8 in Table 3 ). This indicates that AC is reactive in channel 2 of Scheme 2. The oxidation reactions in the presence of oxygen are more feasible than the rearrangement reactions due to the susceptibility of the -OH moiety to non-enzymatic oxidation. Especially, the conversion of LAC to AC is more spontaneous (for instance the B3LYP calculated value of ∆G is -268.6 kJ/mol, see reaction 5 in Table 3 ) than the conversion of DA to DAQ with a ∆G value of -190.3 kJ/mol (see reaction 1 in Table 3 ). This causes high consumption of molecular oxygen during the oxidation process of LAC to AC. This analysis is in agreement with the experimental results for the oxidation of dopamine to aminochrome as a mechanism for the neurodegeneration of dopaminergic systems in Parkinson's disease [47] . We also note that such reactions have been reported for cases characterized by the use of tyrosinase as catalyst [49] . On the other hand, the formation of the intermediate product during the conversion of AC to DHI is distinguished by a ΔG value that is reduced by -13.0 kJ/mol (difference in energy between AC and IM-AC shown in Scheme 2, the free energy change is also -16.0 kJ/mol) compared to the conversion of the same intermediate product leading to the formation of DHI. This indicates that excess amount of AC may stay inside the cell which could result in the conversion of AC to other reactive species and further leading to hindrance of the synthesis of melanin and neurotoxicity as also indicated in the experimental findings [50] [51] [52] .
Let us now turn our attention to the kinetic analysis of the internal cyclization reactions of DAQ. The energy profile for the conversion of DAQ to DHI is presented in Figure 2 . The first reaction considered is the conversion of DAQ to LAC which involves two transition states. The first transition state (TS Figure  2 ). This indicates that once DAQ starts the internal cyclization reaction it is less probable to divert it from the synthetic reaction pathway leading to melanin. This is also clearly observed from the NBO and Mulliken charge analyses which both show a negative charge on C5 of both DHI and AC (see Table 1 ), making it less susceptible to a nucleophilic attack by the scavengers. In other words, nucleophilic attack by the scavengers is impossible once the intermediate products are formed from the internal cyclization reaction. Therefore, the general conclusion from this section of the paper is that the reaction process for the diversion of the melanin synthetic pathway should start before the internal cyclization reaction. Scheme 2. The reaction mechanism for the synthesis of melanin. For the purpose of clarity some of the steps are omitted. Refer to Table 3 for the reaction numbers. Table 2 . Selected bond lengths (Å) and angles ( o ) (without parentheses) and bond stabilization energies from second order perturbation theory analysis of the Fock matrix in NBO (E(2) in parentheses, kJ/mol) of the scavengers and products calculated using B3LYP/6-311++G(2df,2p). Figure 2 . The free energy profiles (in kJ/mol) of reaction channel 2 calculated using B3LYP/6-311++G(2df,2p). The superscripts represent the reaction channel and the subscripts represent the order of the transition state structures. IM stands for intermediate product and TS for transition state. For the purpose of clarity, only the major reactants and products are shown in the figure. For details of the reaction mechanisms used to calculate the change in Gibbs free energies refer to Scheme 2 and Table 3 .
Compound C1-C6 C4-C5 C5-C6 C5-S C6-S C2′-S C1C6C5
119.9 - - - - - Cyst - - - - - - - - - - 1.821 (11.7) - - - - - - - - Ncyst - - - - - - - - - - 1.828 (11.5) - - - - - - - - 5-
The scavengers
The possible scavengers used to study the diversion of melanin synthesis are cyst and ncyst. There are two protons which are susceptible to deprotonation in both molecules. Hence, this section of the paper presents the results from the calculations that were performed to identify the most stable and potential nucleophile generated either from cyst or ncyst. The PES scan for ncyst shows at least three conformers characterized by the highest stability. The first one forms a hydrogen bond with the carbonyl oxygen (−O−H---O=C− and the second one points in the direction opposite to this bond. The conformer forming a hydrogen bond (1.679 Å) with the carbonyl oxygen is found to be the most stable and dominant conformer on the potential energy surface, the latter being less stable by 5.2 kJ/mol relative to the former. The same orientation was also obtained for the optimized structure of cyst. The natural charges on sulfur and hydrogen atoms of the thiol group of cyst are -0.051 and +0.122, respectively (see Table 1 ). On the other hand, the natural charges on oxygen and hydrogen atoms of the hydroxyl group of cyst listed in Table 1 are -0.703 and +0.480, respectively. These charge differences indicate that there is stronger bond between oxygen and hydrogen of the hydroxyl group than that between sulfur and hydrogen atom of the thiol group. This makes the thiol hydrogen to be more susceptible to deprotonation. The same is also observed for ncyst. The second order perturbation theory analysis of the Fock matrix in NBO basis for the S-H and O-H bonds of the thiol and hydroxyl groups, respectively, also provide supporting evidence for the formation of the stable thiolate nucleophile (see Table 1 ). Furthermore, the bond lengths of S-H and O-H of cyst and their bond stabilization energies also favor the formation of the nucleophile from the thiolate group (6.32 kJ/mol and 44.6 kJ/mol, respectively, for S-H and O-H bonds in cyst). The same trend has also been observed for ncyst. Therefore, in agreement with the experimental results, [53] the thiol group is deprotonated to give the thiolate ion, which then acts as a potential nucleophile for the reactions studied in the Reaction channels 3 and 4 section. This high reactivity of the thiol group of cysteine is also one of the reasons for its use in numerous biological activities.
Reaction channels 3 and 4
In section Reaction channels 1 and 2, we concluded that in order to divert the synthetic pathway of melanin, we need to add the scavengers before the start of the internal cyclization reaction of DAQ. In the Scavengers section, we showed that the thiolate anion is a more potent nucleophile than the hydroxyl anion both generated from the two scavengers, cyst and ncyst. In this section of the paper, we present the reaction mechanism and the possible products generated from DAQ and the scavengers with an attempt to divert the melanin synthetic pathway. As discussed in section Reaction channels 1 and 2, C5 of DAQ has a negative natural charge that is smaller than C6 which results in C5 being a dominant electrophile leading to the formation of 5-CDA or 5-NCDA, respectively, from cyst and ncyst. Based on this, the Michael addition reactions of DAQ with cyst for the formation of 5-CDA and 6-CDA are shown in Scheme 3, reaction channels 3 and 4, respectively. The nucleophile generated from cyst attacks DAQ at either C5 or C6 positions to form 5-CDA or 6-CDA, respectively, in channel 3 and channel 4 (see Scheme 3) . Similarly, the products from the nucleophile generated from ncyst are 5-NCDA and 6-NCDA.
From the thermodynamic energies listed in Table 3 , it is shown that the formation of 5-CDA from the reaction of cyst and DA (reaction 9 in Table 3 ) is accompanied by higher change in Gibbs free energy (∆G = -230.0 kJ/mol and ∆E = -261.7 kJ/mol using B3LYP), and it is the major product in reaction channel 3 (see Table 3 and Scheme 3). On the other hand, the formation of 6-CDA (reaction 10 of Table 3 ) is relatively less favored with a ∆G value of -219.8 kJ/mol compared to 5-CDA, i.e. reaction channel 3 is energetically favored over reaction channel 4. The formation of 5-NCDA from the reaction of ncyst and DA (reaction 11 of Table  3 ) is accompanied by a change in Gibbs free energy of -232.9 kJ/mol, which is comparable to that of 5-CDA. This indicates that both cyst and ncyst are potential scavengers to divert the melanin synthetic pathway.
The natural charges from the NBO analysis listed in Table 1 show that the charges of C5 and S of 5-CDA are -0.231 and +0.238, respectively. The charges on C6 and S of 6-CDA respectively are -0.208 and +0.208. This shows the presence of a slightly weaker C6-S bond of 6-CDA than C5-S of 5-CDA, which further indicates that cyst forms a stronger bond to C5 than C6. Once 5-CDA or 6-CDA is formed in the reactions, there could also be a possibility for internal cyclization reactions. But as can be seen from the natural charges listed in Table 1 , the immediate neighboring carbon atom, C2, to the ethyl-amino group of all the adducts has negative natural charge which means that C2 is protected from the nucleophilic attack by the nitrogen atom of the amino group. Therefore, once these products are formed, internal cyclization is less favored. Table 3 for the reaction numbers.
The optimized structural parameters listed in Table 2 show that the C1-C6 and C4-C5 bond lengths of all the products are shorter compared to DAQ. This shortening of the bonds is due to the fact that the C1-C6 and C4-C5 bonds in the products have adopted partial double bond character during the nucleophilic attack. The large charge differences between C5 and S than C6 and S indicate that the C5-S bond length in 5-CDA with a stabilization energy of E(2) = 19.2 kJ/mol is slightly shorter than C6-S with a stabilization energy of E(2) = 16.8 kJ/mol in 6-CDA (see Table 2 ). The bond stabilization energy differences also indicate that the C5-S bond of 5-CDA is slightly stronger than that of 6-CDA and 6-NCDA. The overall analysis of the stabilization energies listed in Table 2 indicates that the new C5-S bond formed from the nucleophilic attack at C5 position is more stable in both 5-CDA and 5-NCDA than the C6-S bond of 6-CDA and 6-NCDA.
The bond length of C2′-S of 5-CDA is shorter than that of 6-CDA, see Table 2 . Despite the negative natural charge on C5 and positive natural charge on S of 5-NCDA, the bond length of C2′-S is similar to that of 5-CDA, but slightly shorter than the C2′-S bond of 6-CDA. It is also observed that the bond stabilization energy of C2′-S of 5-CDA is E(2) = 16.5 kJ/mol which is greater than that of 5-NCDA with E(2) = 15.5 kJ/mol and 6-CDA with a bond stabilization energy of E(2) = 12.5 kJ/mol (see Table 2 ). This also indicates that the bond stabilization energy favors the formation of a bond by the scavengers at the C5 position of DAQ. Noteworthy is also that the C2′-S bond in the products is stabilized compared to that of the nucleophiles. For instance, E(2) of C2′-S of ncyst is 11.5 kJ/mol and that of 5-CDA and 5-NCDA is 16.5 kJ/mol and 15.5 kJ/mol, respectively (see Table 2 ).
In addition to the analysis of the thermodynamic energies of the reactions, we also studied the kinetics of the transformation of the reactants to products considered in this section. The energy profile for the formation of 5-CDA and 6-CDA is presented in Figure 3 . There are two transition states for both reaction channels 3 and 4 (see Scheme 3 for the reaction channels). The barrier for the first transition state of reaction channel 3 (TS For details of the reaction mechanisms used to calculate the change in Gibbs free energies (in kJ/mol) refer to Table 3 and Scheme 3.
CONCLUSION
In this study, the reaction mechanisms for the synthesis as well as possible reaction pathways for the diversion of melanin synthesis were investigated using B3LYP functional and 6-311++G(2df,2p) basis set. In the absence of the reductants, like cyst and ncyst, dopaminoquinone undergoes cyclization reactions leading to the formation of melanin. In the presence of cyst, dopaminoquinone is scavenged and the melanin synthetic pathway is diverted by forming 5-CDA and 6-CDA from cyst, whereas 5-NCDA and 6-NCDA from ncyst. Our results show that under standard conditions cyst seems to be competitive with the internal cyclization process of dopaminoquinone. Moreover, the results indicate that carefully chosen nucleophiles like cyst in an appropriate dose can successfully divert the melanin synthetic pathway. Our theoretical results are in agreement with the experimental findings about melanin pigmentation of yellow and black gerbils and other mammals in which the velocity and specificity of the reaction pathways are regulated by the melanogenesis related enzymes, of which the most important is tyrosinase [54] [55] [56] . In the Introduction section, we have discussed the significance of the diversion of the melanin synthetic pathway in biological systems [57] . For instance, neuromelanin released by the dying neurons can contribute to the activation of
